Nuclear receptor subfamily 4 group A member 1 (Nr4a1) has been increasingly investigated in association with type 2 diabetes mellitus (T2DM). This study aimed to explore its efficacy with liver kinase B1 (LKB1) and potential signaling pathways in T2DM.
Background
Diabetes mellitus (DM) is a metabolic disease characterized by hyperglycemia and deficient secretion or action of endogenous insulin, accompanied with enhanced free radical production or dysfunctional antioxidant defense [1] . The number of DM patients all over the world is projected to reach 366 million in 2030 among adults aged ³20 years [2] , and the number of people with type 2 diabetes mellitus (T2DM) has had a surprisingly large increase in the past 20 years [3] . T2DM is characterized by peripheral insulin resistance, pancreatic b-cell dysfunction, and aberrant hepatic gluconeogenesis [4] , often accompanied with complications and senile syndrome [5] . Patients with T2DM are faced with a higher risk of cardiovascular events, such as coronary, cerebrovascular, and peripheral arterial ischemia [6] . Former observations point out that high consumption of fruit and vegetables is associated with a decreased risk of T2DM [7] . Diabetes managements include treatment of blood glucose, improvement in lifestyle, and pharmacological intervention [8, 9] . White adipose tissue (WAT) is the most important organ involved in metabolic inflexibility [10] . Thus, this study investigated the treatment outcome of potential genes and signaling pathways in T2DM in relation to blood glucose in WAT.
Nuclear receptor subfamily 4 group A member 1 (Nr4a1), also known as Nur77, nerve growth factor I-B (NGFI-B), and TR3, is a member of the Nr4a nuclear receptor superfamily, which regulates inflammatory response [11, 12] . Nr4a1 inhibits adipocyte differentiation and regulates the expression of glucose metabolism-related genes in skeletal muscle [4] . It is noteworthy that Nr4a1 is an attractive target for improving insulin resistance, as well as for preventing and treating T2DM and metabolic diseases [13] . Liver kinase B1 (LKB1) is a tumor suppressor and an upstream kinase of adenosine monophosphate-activated protein kinase (AMPK), and plays pivotal roles in monitoring energy metabolism and cell growth in adipose tissues [14, 15] . Yamada E et al. found that the LKB1/AMPK axis is one of most promising targets for T2DM treatment [16] . AMPK is a vital energy sensor in cells and regulates metabolism, and in mammals it also regulates metabolism and helps maintain energy homeostasis at the whole-body level [17] . Ruderman et al. found that AMPK and sirtuin 1 (SIRT1) are mutually regulated and share several common targets, and their dysregulation may lead to T2DM and atherosclerotic cardiovascular diseases [18] . Additionally, previous research provided evidence of activated nuclear factor-kappa B (NF-kB) pathway in T2DM skeletal muscle after inflammation, which may contribute to insulin resistance [19] . Interestingly, Nr4a1 depletion can contribute to increased NF-kB activity in monocytes and peritoneal macrophages, probably owing to a reduction in inhibitor kappa B-a (IkBa) expression [11] . In light of these previous findings, we hypothesized that there may be interactions among Nr4a1, LKB1, AMPK, SIRT1, and NF-kB in T2DM. Therefore, we conducted a series of experiments to test our hypothesis.
Material and Methods

Ethics statement
This study was approved and supervised by the Animal Ethics Committee of Weifang People's Hospital. All efforts were made to minimize the number of animals used and their suffering. All procedures were conducted strictly in accordance with the code of ethics.
Model establishment and grouping
Fifty-four male Sprague-Dawley (SD) rats (8 weeks old, 170±20 g) purchased from Laboratory Animal Center of Anhui Medical University (Hefei, Anhui, China) were adaptively fed for 1 week and then were randomize into a control group (n=6) and a T2DM group (n=48). Rats in the control group were fed with standard feed, while rats in the model group were fed with high-fat diet for 8 weeks and intraperitoneally injected with streptozotocin (30 mg/kg, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) for model establishment. Afterwards, the model rats were sub-assigned into the T2DM group, the T2DM+Nr4a1-negative control (NC) group (T2DM rats injected with Nr4a1 mimic-NC vector via the tail vein), the T2DM+Nr4a1 group (T2DM rats injected with Nr4a1 mimic vector via the tail vein), the T2DM+Nr4a1-inhibitor-NC group (T2DM rats injected with si-Nr4a1-NC vector via the tail vein), the T2DM+Nr4a1inhibitor group (T2DM rats injected with si-Nr4a1 vector via the tail vein), and the T2DM+Nr4a1+LKB1 group (T2DM rats injected with Nr4a1+LKB1), with 6 rats in each group. After feeding for 8 weeks, T2DM rats were fasted for 12 hours, and then euthanized after their blood samples and WATs were obtained. All rats were tested for blood lipid and blood glucose. Three rats in each group were used for RT-qPCR and Western blot analysis, and 3 for hematoxylin and eosin (HE) staining and oil red O staining.
Detection of weight and blood glucose
The weight of rats in each group was measured and recorded every 2 weeks after the experiment by an electronic balance. The blood glucose of rats was measured 6 hours after lunch on the day before the end of the experiment, and recorded as postprandial blood glucose (PBG). The blood glucose was measured on the second day after fasting 12 hours, and recorded as fasting blood glucose (FBG).
After 6 weeks of grouping, half of the rats in each group were tested for intraperitoneal insulin tolerance (IPIT) and the other half of the rats in each group were tested for intraperitoneal glucose tolerance (IPGT). After 12 hours of fasting, the blood glucose in tail vein was measured and recorded at 0, 30, 60, 90, and 120 minutes after intraperitoneal injection of insulin (0.5 U/Kg) and 50% glucose (2 g/Kg), respectively.
Detection of serum metabolic indicators
After fasting for 12 hours, all rats were anesthetized with sodium pentobarbital. Blood was taken from the abdominal aorta and serum was separated (centrifugation at 3000 rpm for 15 minutes). Levels of triglyceride (TG), total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C), lowdensity lipoprotein-cholesterol (LDL-C), alanine transaminase (ALT), and aspartate transaminase (AST) were detected using a blood lipid kit (Sichuan Marker Biotechnology Co., Chengdu, Sichuan, China).
Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
Total RNA from WATs was obtained using the Trizol (Invitrogen, Carlsbad, CA, USA) to determine its concentration and purity, and then reversely transcribed into cDNA. The mRNA expression was quantified by SYBR PCR Master Mix kit (Applied Biosystems, Inc., Carlsbad, CA, USA) with b-actin as an internal reference. Data were analyzed with 2 -DDCt, indicating the ratio of target gene expression between the T2DM group and the control group. The formula was as follows: DDCT=(Ct target gene -Ct b-actin ) in the T2DM group-(Ct target gene -Ct b-actin ) in the control group. The primers used in the experiment were designed by Primer 3Plus website and synthesized by Suzhou Genewiz Bioengineering Co. (Suzhou, Jiangsu, China). The primers are shown in Table 1 .
Western blot analysis
WATs of rats in each group were extracted and homogenized with radio-immunoprecipitation assay lysate. The tissues were centrifuged at 4°C and 12 000 rpm for 15 minutes. Then, the supernatant was obtained to extract and quantify the total protein. The protein levels were measured using Western blot analysis with b-actin as an internal reference. The Chemi Scope series (Bio-Rad Laboratories, Inc. Hercules, CA, USA) gel imaging system was applied to analyze the results. The antibodies used are shown in Table 2 . All antibodies were purchased from Abcam, Inc. (Cambridge, MA, USA).
HE staining
WATs were fixed and embedded in paraffin, sliced at 5 μm, and dewaxed in xylene, washed in ethanol, and stained with hematoxylin, differentiated with hydrochloric acid and ethanol, and then stained with eosin after rinsing in running water. Afterwards, WATs were dehydrated regularly and sealed with neutral resin. Finally, WATs were observed under an optical microscope (Olympus, Tokyo, Japan).
Oil red O staining
WAT sections were stained in oil red staining (NanJing JianCheng Bioengineering Institute, Nanjing, Jiangsu, China) for 15 minutes and then washed in distilled water for 15 seconds. Next, WAT sections were counterstained for 3-5 minutes and washed for 60 seconds, followed by sealing, microscopic examination, and photographic analysis.
Statistical analysis
Statistical analysis was conducted using SPSS21.0 (IBM Corp. Armonk, NY, USA). The Kolmogorov-Smirnov test was used to assess whether the data were normally distributed. Measurement data are expressed as mean±standard deviation. The t test was used for comparisons between 2 groups, while one-way analysis of variance (ANOVA) was used for multiple groups, and Tukey's multiple comparisons test for pair-wise comparisons was performed after ANOVA analyses. The p value was obtained by two-tailed test, and p<0.05 indicates statistically significant differences.
Results
Nr4a1 is upregulated in WATs of T2DM rats
After the establishment of the T2DM model in rats, the relevant indicators and pathological changes were detected to verify whether the model was established successfully. The weight, FBG, PBG, IPGT, IPIT, TC, TG, LDL-C, ALT, and AST of T2DM rats were increased significantly, while HDL-C was decreased significantly (all p<0.05, Figure 1A -1C). The volume of adipocytes and the size of lipid droplets in WATs increased notably (both p<0.05, Figure 1D , 1E), inferring the successful establishment of the T2DM rat model. According to the literature, Nr4a1 is a newly-discovered malignant factor in diabetic renal damage [20] . Therefore, we speculated that Nr4a1 would have an effect on T2DM rats. We found that Nr4a1 levels in WATs of T2DM rats were noticeably increased (all p<0.05, Figure 1F , 1G). 
si-Nr4a1 reduces glucose and lipid levels in T2DM rats
Nr4a1 expression in WATs of T2DM rats was increased obviously, so we speculated that silencing Nr4a1 is beneficial for T2DM rats. After silencing Nr4a1, the Nr4a1 mRNA expression in WATs of T2DM rats decreased significantly (p<0.05, Figure 2A ). Body weight, FBG, PBG, IPGT, IPIT, TC, TG, LDL-C, ALT, and AST were decreased notably, while HDL-C increased (all p<0.05, Figure 2B-2D) . The volume of adipocytes and the size of lipid droplets in WATs were reduced notably (both p<0.05, Figure 2E , 2F). Rats with overexpressing Nr4a1 showed the opposite trends. Briefly, si-Nr4a1 reduces glucose and lipid levels in T2DM rats. 
Nr4a1 interacts with LKB1 to maintain glucose and lipid homeostasis in T2DM rats
Adipose tissue, as an organ of energy metabolism and endocrine, is closely associated with metabolic diseases such as obesity, insulin resistance, and diabetes, and LKB1 plays crucial roles in regulating energy metabolism and cell growth in adipose tissue [15] . In this experiment, T2DM rats treated with overexpressing Nr4a1 and LKB1 together exhibited reduced levels of FBG, PBG, TC, TG, ALT, and AST ( Figure 3A-3C) , and decreased adipocytes in WAT ( Figure 3D) (all p<0.05) . In conclusion, overexpression of Nr4a1 and LKB1 together is beneficial for glucose and lipid homeostasis in T2DM rats.
Interaction between Nr4a1 and LKB1 activates AMPK/ SIRT1 signaling pathway and inhibits activation of NF-kB signaling pathway
Metformin is reported to regulate energy balance by activating the LKB1/AMPK signaling pathway in T2DM [21] . Inflammation often occurs during the development of chronic DM. SIRT1 can reduce the levels of FBG, oxidative stress, and inflammatory injury-related proteins in T2DM rats through the antioxidant and anti-inflammatory effects of NF-kB and AMPK-dependent mechanisms [22] . In light of this, we overexpressed Nr4a1 and LKB1 in T2DM rats, and observed the changes in the AMPK/SIRT1/NF-kB axis. After overexpressing Nr4a1, the mRNA expression of AMPK and SIRT1 decreased, the mRNA expression of NF-kB increased, and protein levels of p-AMPK, p-ACC, SIRT1, p-IkBa, and p-p65 decreased significantly. The above trends were reversed when rats were treated with overexpression of Nr4a1 and LKB1 together (all p<0.05) (Figure 4A, 4B ).
Discussion
T2DM prevalence is estimated to increase with population aging and longer life expectancy, with complications of cognitive impairment, depression, and urinary incontinence in elderly patients caused by aging [23] . Thus, there is an urgent need to search for effective treatments for T2DM. In this study, we investigated potential genes and signaling pathways in T2DM from the aspects of blood glucose in WAT. Collectively, we highlighted that interaction between Nr4a1 and LKB1 mitigated T2DM by activating the AMPK/SIRT1 signaling pathway and inhibiting NF-kB activation.
Initially, we found T2DM rats exhibited increased weight and higher levels of FBG, PBG, IPGT, IPIT, TC, TG, LDL-C, ALT, and AST, as well as larger volume of adipocytes, larger lipid droplets, and reduced HDL-C. Elevated ALT is considered an alternative marker of nonalcoholic liver disease, which can predict the later development of DM and metabolic diseases [24] . Higher ALT and AST levels are commonly recognized as predictors of impaired glucose tolerance and DM incidence [25] . Research shows that low HDL-C level is an independent risk factor for T2DM development [26] . Compellingly, Adeneye et al. noted that diabetic dyslipidemia is usually characterized by elevated levels of TG, TC, and LDL-C, and decreased HDL-C, which are important risks of coronary heart disease in DM [27] . These studies further validated that the T2DM rat model in this study was constructed successfully. We also found Nr4a1 levels in WATs of T2DM rats were increased. In vivo, in response to glucagon and fasting, the cAMP axis induced Nr4a1 expression in the liver and in diabetic mice with hyperglycemia, and Nr4a1 overexpression stimulated glucose production and increased blood glucose level [28] . Additionally, Nr4a1 was also dramatically upregulated in obese patients and rodent models of diet-induced obesity [29] . In light of this, we injected si-Nr4a1 into T2DM rats to further evaluate its mechanism. We found that silencing Nr4a1 reduced blood lipid and glucose, adipocytes volume, and the size of lipid droplets. Consistently, the basal levels of Nr4a1, body weight, FBG, TG, TC, LDL-C, and HDL-C were higher in T2DM patients [30] . As recently reported, Nr4a1 was actually activated by chronic hyperglycemia, and higher Nr4a1 expression has strong links with glucose metabolism disorder, renal insufficiency, renal hypertrophy, and fibrosis, but Nr4a1 knockdown reduced diabetic renal damage [20] . Therefore, our results support that Nr4a1 depletion is beneficial for T2DM treatment.
Furthermore, our results revealed that T2DM rats with overexpressing Nr4a1 and LKB1 together exhibited reduced blood lipid and glucose and decreased adipocytes in WAT. LKB1 is a key regulator of energy metabolism and is necessary for WAT growth and differentiation, and LKB1 depletion led to severely decreased WAT mass, blood glucose levels, and adipocyte size [31] . Chikusetsu saponin IVa protected brain ischemia/reperfusion in diabetes through AMPK-mediated phosphorylation of glycogen synthase kinase 3b downstream of the adiponectin-LKB1 pathway [32] . The results suggested overexpression of Nr4a1 and LKB1 together is beneficial for glucose and lipid homeostasis in T2DM rats. Moreover, we noted that interaction of Nr4a1 and LKB1 activated AMPK/SIRT1 axis and inhibited NF-kB activation. Hyperglycemia decreased AMPK activation, resulting in impaired autophagy and matrix accumulation, and reduced AMPK activation was observed in human diabetic nephropathy [33] . AMPK is an underlying target for glucose and lipid homeostasis in T2DM [34] and AMPK activation itself increases insulin sensitivity in T2DM [35] . Yamada et al. revealed that the function of AMPK in regulating glucose transport, fatty acid oxidation, and mitochondria generation in the skeletal muscle and preventing hepatic glucose output made it a potential target for T2DM treatment [16] . Nr4a1 activated sestrin 2, which in turn activated the AMPK pathway to induce glucose metabolism genes and glucose uptake in C2C12 cells [36] . In addition, SIRT1 agonist SRT1720 treatment can reduce FBG, inflammation, and oxidative stress in T2DM rats by inhibiting NF-kB and upregulating AMPK [22] . The insulin sensitivity and glucose homeostasis of adipose tissue were improved after SIRT1 activation, suggesting that SIRT1 activation is a promising new treatment for T2DM [37] . Interestingly, Khare et al. reported NF-kB inhibitor rescued behavioral and neurochemical deficits in T2DM rats [38] . Nr4a1 is an important transcriptional factor in controlling IkBa expression in vascular endothelial cells, and protects endothelial cells from TNF-a-induced endothelial activation, as evidenced by attenuated NF-kB activation [39] . In monocytes and macrophages, Nr4a1 expression was induced by various inflammatory stimuli through NF kB, and Nr4a1 directly associated with p65 to prevent its binding to the kB element [40] .
Conclusions
Our study offers insights into the mechanism of Nr4a1, LKB1, AMPK/SIRT1, and NF-kB signaling pathways in T2DM, whereby interaction between Nr4a1 and LKB1 activated AMPK/SIRT1 signaling pathway and inhibited activation of the NF-kB signaling pathway, thus maintaining glucose and lipid homeostasis, and alleviating symptoms in T2DM rats. This study may provide new insights for further understanding the pathology of T2DM and finding new targets for molecular-targeted therapies. Further research should be conducted to determine the best possible approach for managing T2DM based on the results obtained from this study.
